We review the experimental data on total charm cross section, fragmentation into charm species, dependence of the charm cross section on beam avor, atomic mass, and transverse momentum, c harm pair correlations, and leading particle asymmetry. Included are new preliminary results from Fermilab experiment E769.
Introduction
At the collision energies achieved in modern xed target experiments, charm quarks are predominantly produced from gluon-gluon collisions where one gluon originates from each of the initial state hadrons. The production cross section thus depends on the combination of the gluon distributions of the colliding hadrons and the partonic cross section. However, the measurable cross sections are for charm particles, not charm quarks. The fragmentation process by which the charm quarks combine with light quarks to form the nal state hadrons determines the fractions of the various charm species. Because the charm quark mass is large compared to the QCD scale factor QCD , the cross section for charm quark production is treated using QCD perturbation methods. In contrast, the fragmentation process involves small momentum transfers compared to QCD and is treated using phenomenological methods often implemented by Monte Carlo algorithms.
An interesting aspect of the fragmentation process is the extent to which spectator valence quarks from the initial state hadrons combine with the produced charm quarks. For example, in a xed target experiment with a beam, an anti-charm quark with positive Feynman-x (x F ) can combine with a d quark from the to form a nal state D with x F > 0. However, there is no forward moving d with which a forward moving c quark can form a forward moving D + . T h us, the cross section for D would be larger than for D + if this mechanism takes place. Only a small asymmetry between forward c and c quark production is expected from QCD. Table 1 . Included are experiments which h a v e published results, reported preliminary data, or are approved for future data taking. The year indicates when data was taken or is planned to be taken. This table is an updated, but abbreviated version of the one in the 1992 review by Appel [1] . These experiments encompass a variety of techniques. [2] which is based on next to leading order (NLO) QCD and employs structure functions reported in the literature. We use this program to predict the cross section for a c or c quark with x F > 0. The biggest theoretical uncertainty is from the choice of the renormalization and factorization scales, R and F . The uncertainty in the cross section is at least as large as the variation over the range m c =2 < R < 2 m c where m c is the charm quark mass. For the predictions presented here we used the xed values F = m c = 1 : 5 GeV. There is also uncertainty in the cross section due to the uncertainties in m c and the structure functions for the initial state hadrons. The QCD prediction for beam is compared with data [3, 4, 5, 6, 7] in Figure 1 . The cross section data include preliminary results from WA92 and E769. The data are consistent with the shape of the energy dependence of the QCD prediction. Note that the size of the D meson cross sections alone are comparable to that predicted for charmed quarks. Since the charm baryons will add to the total measured cross section, the central value for the NLO prediction is almost certainly too small, but consistent with the data given the large theoretical error. It can be seen from the curves for dierent v alues of R that the shape versus energy of the prediction is relatively insensitive to the value of R . The shape is also insensitive to the other factors contributing to the the theoretical uncertainty. More precise experimental data are required to test the prediction for the shape of the energy dependence of the cross section.
For a proton beam, the prediction and data [3, 8, 9, 10, 11] are shown in Figure 2 . The comparison of data with theory is similar to that for the beam: more precise measurements are needed to test the shape prediction. It is also interesting to compare the p and induced cross sections. The theoretical prediction is that the induced cross section is slightly larger than that for p. The data are not precise enough to measure this small dierence.
Besides the above comparisons of the summed charm meson cross sections and theory, w e've also looked at the separate data for charged and neutral charmed mesons. Generally, these data follow the same trend as the summed data, as would be expected under the reasonable assumption that fragmentation into a particular charmed species is independent of beam energy. H o w ever, one of these comparisons shows an anomaly: the p induced cross section Fermilab E789 [12] is signicantly lower than would be expected from the lower energy data extrapolated using the shape of the QCD prediction. One caveat is that E789 measures the cross section over the small range 0: < x F < 0 : 08. The cross section for x F > 0 is found using the low statistics measurements of the shape of the dierential cross section in x F reported by E743 and E653. measured by NA32 and E769. These measurements indicate a ratio of about 0.5. Thus, D s production is not highly suppressed by the requirement for production of a strange quark pair. The only measurements of c production that include small x F are from NA32 [14] and the preliminary limit from E769 of ( c )=(D ) < 2:3 at 90% C.L. The indication is that c production is comparable to that for D . For a proton beam, cross section ratios are shown in Figure 5 . The few measurements available are consistent with the corresponding ratios for beam.
Beam Flavor Dependence
For beams other than and p, the only cross section measurements are from NA32 and the preliminary E769 results, all of which are given in Table 2 . Both experiments have For the 230 GeV NA32 data and the 250 GeV E769 data, the cross sections measured by the two experiments are consistent for each beam type and nal state particle. Furthermore, all cross section measurements are consistent with no dependence on the beam avor. As noted before, the small dierence in charm cross sections between pion and proton beam predicted by NLO QCD is below the current experimental sensitivity.
Atomic Mass Dependence
The charm cross section should be proportional to the atomic mass A of the target if production and fragmentation are short distances processes. The measurements are parameterized by / A . There are three measurements [15, 16, 12] with exclusive c harm signals as summarized in Table 3 . These measurements are consistent with = 1, repre- 
Transverse Momentum Dependence
The dierential cross sections for charm particle production versus x F and p T provide further probes of the production mechanisms beyond the total cross sections. Here we point out some recent theoretical and experimental studies of the p T dependence. Frixione, Mangano, Nason and Ridol [2] found that the NLO QCD predictions for the p T dependence of hadroproduced charm quarks are well parameterized by the formula, d dp 2 T = c am 2 c + p 2 T ! where a, and c are parameters. Using E769 data, we compare their predictions for charm quark production with pion and proton beams with measurements [17] for D , as shown in Figures 6 and 7 . As seen in the gures, the theoretical predictions for quarks reasonably represent the data for particles. This agreement i s w ell established in the literature. It remains an outstanding puzzle why the eects of hadronization do not destroy this agreement. However, putting that puzzle aside, let us note that the theoretical predictions shown are somewhat dierent for pion and proton beams, since the partonic structure functions are dierent. It will be interesting to see if further analysis of the data (including D 0 and D 0 ) shows that the pion beam prediction is a better t to the pion beam data than the proton beam prediction, and similarly for the proton beam data. This would show a n e xperimental sensitivity to the partonic distributions and, possibly, a w a y to measure them, providing that the eect of fragmentation could be understood or is small. normalized to give the best t to the data. Otherwise, the parameters are xed from the NLO QCD prediction for quarks. Two theoretical forms are shown: \Frixione a" and \Exponential". The form \Frixione a" is described in the text. The \Exponential" is a simple exponential function. The unit of P 2 T is GeV 2 . 
Correlations
The correlations of the kinematic variables of the charm and anti-charm particles provide another measure of the production process. A correlation with appealing simplicity is the angle between charm particles in the plane transverse to the beam direction. This angle would be 180 degrees for the charm quarks produced in the two body process gg ! cc provided the gluons have no transverse momentum. The angular distribution becomes smeared, compared to a delta function at 180 degrees, when the eects are taken into account for higher order diagrams, intrinsic partonic p T and charm quark hadronization. Recent preliminary data on from CERN WA92 are derived from its unique vertex detector: closely spaced silicon microstrip planes that provide measurements between the production vertex and the charm decay v ertices. The measurement is based on 102 events in which one charm particle is fully reconstructed and the other is partially reconstructed, but with its decay v ertex measured. The accuracy on is typically 1 degree. The distribution of is well t by the NLO QCD prediction for quarks, including an intrinsic partonic p T characterized by < p 2 T > 0 : 3 GeV 2 . The WA92 distribution is similar to that measured in photoproduction, but diers from the somewhat broader distributions measured by other hadroproduction experiments, NA32 and WA75, which require < p 2 T > 1 2 GeV 2 for the partons.
Leading Asymmetry Experiments WA82 [18] and E769 [19] established that there is a large hadroproduction asymmetry favoring leading over non-leading particles at large x F . E769 found that the asymmetry, i n tegrated over x F > 0, is small over the measured range of p T . Thus, the asymmetry is primarily associated with large x F . The behavior of the asymmetry versus p T , restricted to large x F , w ould provide further details of the mechanism responsible. There is a recent preliminary measurement of the asymmetry for D production with a beam from Fermilab E791 [20] based on approximately 9000 events. The asymmetry is reported for p 2 T < 10 GeV 2 in three ranges of x F : -.1 to .1, .1 to .3 and .3 to .7. These data conrm the previously established behavior of increasing asymmetry with x F at low p T . I n addition, for the range of x F centered about 0, these data indicate increased asymmetry at high p T . For the other ranges of x F , the data are consistent with no dependence of asymmetry on p T .
Future Directions
Perhaps the most striking feature of the experimental data on hadronic charm cross sections is the lack of precise measurements! For example, to test the energy dependence of the total charm cross section there are only a few measurements with total error less than about 10%. Furthermore, there are no measurements over a broad range of x F and p T for p S > 40 GeV. Since the prediction for the total charm cross section is not aected by fragmentation, it is important t o m a k e cross section measurements for both the charm mesons and baryons.
The feature of the dierential cross sections that might most aid our understanding of fragmentation is the large leading particle eect at high x F . Measurements with much higher statistics than currently available are needed. The further analysis of the CERN WA89 data will help. Also, the Fermilab SELEX experiment (E781), scheduled to take data in 1996, has large acceptance at high x F and should be able to study the leading particle eect with a variety of beams ( , and p) and large samples of charm mesons and baryons.
Other planned experiments are also expected to make new measurements of charm hadroproduction. In his talk at this conference, H. Siebert reported that the WA89 collaboration may take additional data with beams other than . The HERA-B experiment at DESY is designed primarily for beauty measurements, but should be able to make substantial measurements of charm production. At RHIC, charm production measurements in heavy ion collisions are part of the program to study the quark gluon plasma. Measurements with p p collisions are a necessary part of this program. Perhaps a new xed target experiment a t F ermilab will be dedicated to study charm, as advocated by Dan Kaplan at this conference.
Charm hadroproduction is an area where basic experimental measurements can have a big impact. We still must identify the basic mechanisms, perhaps using QCD combined with fragmentation models, that will explain the data. We look forward with great interest to further analysis of the existing data, the results of future experiments, and further progress in our theoretical understanding.
